Abstract. Sea salt aerosol can significantly affect the air quality. Sea salt can cause enhanced concentrations of particulate matter and change particle chemical composition, in particular in coastal areas, and therefore should be accounted for in air quality modelling. We have used an EMEP Unified model to calculate sea salt concentrations and depositions over Europe, focusing on studying the effects of uncertainties in sea salt production and lifetime on calculation results. Model calculations of sea salt have been compared with EMEP observations of sodium concentrations in air and precipitation for a four year period, from 2004 to 2007, including size (fine/coarse) resolved EMEP intensive measurements in 2006 and 2007. In the presented calculations, sodium air concentrations are between 8 % and 46 % overestimated, whereas concentrations in precipitation are systematically underestimated by 65-70 % for years [2004][2005][2006][2007]. A series of model tests have been performed to investigate the reasons for this underestimation, but further studies are needed. The model is found to reproduce the spatial distribution of Na + in air and precipitation over Europe fairly well, and to capture most of sea salt episodes. The paper presents the main findings from a series of tests in which we compare several different sea spray source functions and also look at the effects of meteorological input and the efficiency of removal processes on calculated sea salt concentrations. Finally, sea salt calculations with the EMEP model have been compared with results from the SILAM model and observations for 2007. While the models produce quite close results for Na + at the majority of 26 measurement sites, discrepancies in terms of bias and temporal correlation are also found.
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Introduction
Sea salt is a dominant aerosol type over oceans, also contributing significantly to the global aerosol burden. Sea salt aerosol plays an important role in atmospheric chemistry, providing the surface for heterogeneous reactions and acting as a sink for anthropogenic and natural gaseous tracers, e.g. for nitric and sulphuric acids. For example, the presence of sea salt aerosols in the atmosphere was shown to significantly alter the regional distribution of other inorganic aerosols, namely sulphate, nitrate and ammonium (van den Berg et al., 2000; Liu et al., 2006) . Furthermore, sea salt is an important source of base cations, which reduce the acidity of air and precipitation and increase soil base saturation. Thus, the deposition of base cations can partly counteract soil acidification and contribute to the recovery of ecosystems (van Loon et al., 2005) .
With regard to air pollution issue, sea salt is a ubiquitous constituent of particulate matter (PM) and can significantly affect the air quality in coastal areas. Studies of the impact of sea spray on PM concentrations in coastal areas show that sea spray both enhances the levels and changes the chemical composition of PM (e.g. Pryor et al., 2007; Athanasopoulou et al., 2008) . Sea salt contributes to the concentrations of PM 10 and PM 2.5 , current air quality metrics, thus it has to be accounted for in air quality modelling in order to achieve a mass closure of PM and to provide accurate assessments of PM levels. In the European Commission's Air Quality directive (EC DIRECTIVE 2008 /50/EC, 2008 it is stated that exceedences of PM can be corrected for contributions from natural sources if these can be determined with sufficient certainty. Since sea salt contributions can hardly (or not always) be determined from air quality measurements alone, model calculations can be used for this purpose, which requires a good confidence in model performance. Pryor et al. (2007) demonstrate that including sea spray in the model affects calculated composition and size distribution of PM and conclude that it is important to account for heterogeneous reactions on sea salt when evaluating the potential emission reduction measures to reduce PM in coastal cities. Model calculations in Athanasopoulou et al. (2008) suggest that an enhanced nitrate formation takes place on sea salt particles over and downwind the shipping lanes in the Aegean Sea. The nitrate is then transported to the land and contributes to PM pollution in Athens.
The generation of sea spray is commonly described with so-called source functions. Some of the proposed source functions are based on field measurements (e.g. Smith et al., 1993; O'Dowd et al., 1997; Andreas, 1998; Smith and Harrison, 1998; Vignati et al., 2001; De Leeuw et al., 2000) , others on laboratory data (e.g. Monahan et al., 1986; Mårtensson et al., 2003) , or on both (e.g. Gong, 2003) . In regional and global chemical transport models, the source functions by Mårtensson et al. (2003) , Monahan et al. (1986) and Gong (2003) are broadly used to calculate bubble-mediated sea spray production, whereas the schemes by Smith et al. (1993) and Smith and Harrison (1998) are used to calculate spume sea spray production. Comparative reviews of different source functions reveal that estimated sea spray fluxes vary by several orders of magnitude for different size ranges and wind speeds (Andreas, 1998; Guelle et al., 2001; Vignati et al., 2001; and Gong, 2003) . Even source functions employing the same "white-cap method" differ by about a factor of 7 (Lewis and Schwartz, 2004) . Given the uncertainties associated with calculating sea spray generation, an accurate reproduction of sea salt concentrations with chemical transport models is quite a challenging task.
In this work, we study the ability of the EMEP model to reproduce observed levels and distribution of sea salt on a European scale for multiple years. First, we give a short overview of sea spray source functions and examine the behaviour of selected source functions using a box-model. Then, the sea salt parameterisation scheme presently implemented in the Unified EMEP model is described and calculation results are presented. The performance of the EMEP model for sea salt (i.e. sodium concentrations in air and in precipitation) is evaluated with observations for years from 2004 to 2007. A sensitivity analysis is performed to investigate the effect of modelling uncertainties on calculated sea salt concentrations, as compared to measurements. We also compare sea salt concentrations, calculated with the EMEP model employing different source functions, and evaluate the model results against observations. Finally, sea salt calculations with the EMEP model are compared with those from SILAM model of the Finnish Meteorological Institute. Compared with several earlier publications (e.g. Gong et al., 1997 Gong et al., , 2002 Gong et al., , 2003 Guelle et al., 2001; Grini et al., 2002; Foltesu et al., 2004) , this work includes a comparative study of several sea spray source functions and presents multi-year sea salt calculations. The assessment of the model performance is based on a more extensive than earlier amount of observational data, and a sensitivity analysis of calculated sea salt to the uncertainties in process formulations and input parameters is provided.
Notes on current status of sea salt modelling
Sea salt aerosols originate from sea spray droplets. The generation of sea spray occurs as the waves break on the surface of the ocean and whitecaps form causing the entrainment of air in the water. On the open ocean, this process is driven by the surface wind, whereas in the surface zone the wave breaking is largely due to their interaction with the sea bottom surface, which intensifies the whitecap formation (de Leeuw et al., 2000) . Two main mechanisms responsible for sea spray formation are the air bubble bursting during whitecap formation and the direct tearing of droplets from the tops of breaking waves. The bubble-mediated mechanism produces sea spray droplets with radii ranging mostly between 0.25 and 8 µm (Guelle et al., 2001) , whereas spume droplets are typically larger than 10-20 µm. Note that we refer to the radii of sea salt aerosol at a relative humidity of 80 % (r 80 ) throughout the paper, unless different is specified (Andreas et al., 2001) .
A size dependent source function describes the number of droplets of a given size produced at the sea surface per unit surface area per unit time as a function of the surface forcing (i.e. wind speed, wave breaking, surface stress, etc.). Comprehensive overviews of sea spray functions can be found in Andreas (1998) and Schulz et al. (2004) . Among sea spray source functions broadly used in regional and global transport models are those developed by Monahan et al. (1986) , Smith et al. (1993) , Smith and Harrison (1998) , Andreas (1998) , Vignati et al. (2001) , Gong (2003) , Mårtensson et al. (2003) and Clarke et al. (2006) .
The limitation of all current formulations of source function is due to their attempt to express the flux in terms of the current wind speed as the only variable (Hoppel et al., 2002) . Only scheme by Mårtensson et al. (2003) includes dependence on the surface temperature and allows the possibility of accounting for water salinity (Sofiev et al., 2011) . In reality, flux intensity and size distribution of sea spray also depends on other variables, i.e. history of wind velocity, wave breaking characteristics, fetch, sea water temperature and salinity, occurrence of organics films, the thermal stability of the atmospheric and ocean surface layer. Therefore it cannot be expected that a single universal sea spray source function can be formulated in terms of only few parameters (de Leeuw et al., 2003) .
A number of comparative studies conclude that the formulation of sea salt generation by Monahan et al. (1986) gives the soundest results for bubble-mediated sea spray, as they best match with both observations and other source functions (Guelle et al., 2001; De Leeuw et al., 2000; Andreas, 1998) . Vignati et al. (2001) found an excellent agreement between Monahan et al. (1986) scheme and measurements reported in O' Dowd et al. (1997) for the number size distribution of sea salt aerosols down to dry diameters of 0.4 µm. However, extrapolation of Monahan et al. (1986) source function to smaller sizes resulted in too great production of the number of smallest droplets (Vignati et al., 2001; Mårtensson et al., 2003) . Also Gong (2003) concluded that Monahan et al. (1986) source function gave fairly good results for total sea salt mass and its wind dependence for sea salt aerosols larger than 0.4 µm dry diameter. For sub-micron sea salt aerosol, a source function from Mårtensson et al. (2003) , covering aerosols with dry diameters between 0.02 and 2.8 µm, was shown to give good results . Pierce and Adams (2006) found that sea-salt mass concentrations from both Monahan et al. (1986) and Mårtensson et al. (2003) parameterisations were much lower compared to those from O'Dowd et al. (1997) and Clarke et al. (2006) functions. This is because the first two parameterisations predicted lower emissions in super-micron sizes compared to the latter ones. Besides, there is no production of sea salt particles larger than 2.8 µm on Mårtensson et al. (2003) (see Fig. 1 ). However, taking into account the negative bias in wind speeds in their model, Pierce and Adams (2006) anticipated that model runs with O'Dowd et al. (1997) and Clarke et al. (2006) parameterisations were likely to over-predict the sea-salt concentrations in many locations. Results presented in Ma et al. (2008) also indicate that Clarke et al. (2006) parameterisation tends to predict too large burden of sea salt. All in all, given the uncertainties in model meteorology, treatment of aerosol processing and in observational data, Pierce and Adams (2006) found it difficult to say definitively which parameterisation was the best.
Evaluations of sea salt calculations with regional and global models show rather variable results. Most of the climate and global transport models have to date compared calculated monthly averaged sea salt (Na + ) concentrations with observations (e.g. Gong et al., 1997b Gong et al., , 2002 Grini et al., 2002; Ma et al., 2008) . Though most of model results lied on average within a factor-of-two range of observations, both significant over-and underestimations were reported for individual sites. For instance, Stier et al. (2005) found that calculated with ECHAM5, sea salt concentrations agreed within a factor of 2 with observations at remote marine sites, whereas they overestimated IMPROVE and GAW measurements by a factor of 2 to 10, especially for small concentrations. Using Monahan et al. (1986) within a global TM3 model, Guelle et al. (2001) found a fair agreement between calculated and measured monthly sea salt air concentrations (some underestimation in January-March for marine sites on Iceland and Ireland). For sea salt in precipitation, the model underestimated observations for most of the sites except the coastal ones, and by as much as an order of magnitude at sites away from the coast. Furthermore, making use of Monahan et al. (1986) source function, FIZ-C climate model overestimated Na + in air by 20-75 % (Gong et al., 1997b) , and GCMIII climate model underestimated Na + in air by up to a factor of 2 (Gong et al., 2002) .
Using a combination of Monahan et al. (1986) and Mårtinsson et al. (2003) parameterisations, the regional model MATCH was found to severely overestimate Na + in air at Norwegian and Danish sites, whereas it underestimated only slightly for Dutch sites (Foltescu et al., 2004) . Na + in precipitation was underestimated by about 40 % by MATCH. Also the regional climate model RegCM, using a modified Monahan et al. (1986) function, overestimated sea salt in air by between 30 and as much as 300 % (Zakey et al., 2008) . Calculations from the regional climate/chemistry model REMOTE with sea salt parameterisation from Geever et al. (2005) produced Na + air concentration 2 to 6 times higher than observed (Langmann et al., 2008) . Calculated Cl − concentrations in precipitation were underestimated in January, while overestimated in June compared to measurements.
The EMEP model

General description
The full description of the EMEP chemical transport model is given in Simpson et al. (2003) , Fagerli et al. (2004) , Tsyro (2008) , and can also be found on EMEP website http://www.emep.int. The model calculation domain covers the whole of Europe, and also includes a large part of the North Atlantic and Arctic areas. In vertical direction, the model is resolved with 20 layers, reaching a height of ca. 100 hPa. The lowest model layer is approximately 90 m thick. In the present calculations, the horizontal resolution of approximately 50 × 50 km 2 was used. Meteorological model HIRLAM was used to drive most of presented simulations. Note that calculations prior to the year 2007 were made using meteorological fields, calculated with an older version of HIRLAM weather prediction model (called PARLAM-PS), while for 2007, an updated version of HIRLAM (version 7.1) was used. PARLAM-PS was run with 50 × 50 km 2 resolution on a polar-stereographic projection, while HIRLAM was run on 0.2 × 0.2 • rotated spherical grid and the meteorological fields were then interpolated to the EMEP polarstereographic projection. In addition to PARLAM-PS and HIRLAM v.7.1, meteorology from ECMWF-IFS (Integrated Forecast System) for 2006 was used in sensitivity tests. The ECMWF-IFS meteorological fields were retrieved on a geographical grid with 0.2 × 0.2 • resolution. More in-depth study of the effect of using different meteorological drivers on EMEP model results, including verification of meteorological data, are documented in Tsyro et al. (2010) .
The EMEP model describes the emissions, chemical transformations, transport and dry and wet removal of gaseous and aerosol components. The standard model version distinguishes between two size fractions for aerosols, i.e. fine aerosol (PM 2.5 ) and coarse aerosol (PM 2.5−10 ). Dry deposition parameterisation for aerosols follows standard resistance-formulations, accounting for diffusion, impaction, interception, and sedimentation. Meteorology and land-use dependent dry deposition velocities are calculated for the two aerosol sizes, taking into account particle hygroscopic growth. Wet scavenging is treated with simple scavenging ratios, accounting for in-cloud and sub-cloud processes. The scavenging ratios are assigned to crudely reflect the solubility of different aerosol components, and the size differentiated collection efficiencies are used in sub-cloud aerosol washout.
Parameterisation of sea salt production
The Unified EMEP model is primarily designed to calculate regional concentrations of PM 2.5 and PM 10 . Hence, standard model runs include sea salt particles with ambient diameters up to about 10 µm, which mainly originate from the bubblemediated sea spray.
The parameterisation scheme for calculating sea salt generation in the EMEP model makes use of two source functions for bubble-mediated sea spray production. The first one is a source function from Monahan et al. (1986) , based on results from Monahan and O'Muircheartaigh (1980) : 
where dF/dr 80 is the rate of sea salt droplet generation per unit area of sea surface and per increment of droplet actual ("wet") radius, r 80 is the aerosol radius at 80 % relative humidity, U 10 is the wind speed at 10 m, and B=(0.380-log(r 80) )/0.650. The second one is a source function from the work of Mårtensson et al. (2003) , which is formulated for a salinity of 33 ‰ :
where dF/d(log d d ) is the flux of sea salt aerosols per unit area of the whitecap cover and per increment of (log Mårtensson et al. (2003) . Here, light-grey and black colours mark the fine and the coarse sea salt aerosols, which are included in standard calculations; the size fractions in grey boxes have been used for test runs.
is the dry diameter, T w is the temperature of sea water, and A k and B k are the parameters describing the dependence of sea salt flux on the aerosol size:
The empirical coefficients C i and D i are tabulated according to Mårtensson et al. (2003) .
In the EMEP model, the sea salt fluxes are calculated for particle dry diameters ranging from 0.02 to 6 µm, with a possibility to extend to larger sizes. The size range is divided onto size bins as shown in Table 1 , and Mårtensson et al. (2003) parameterisation is applied for first six bins, while Monahan et al. (1986) parameterisation is used for the rest. Then, the total production rates of fine and coarse sea salt are found by integrating the size resolved fluxes over respective size intervals.
The relationship between the dry radius r d and r 80 of sea salt aerosols is expressed through an empirical formula of Gerber (1985) , as suggested in Gong et al. (1997a) : 
The wind speed at the height z 10 = 10 m is either taken directly from the NWP model, if available, or calculated within the EMEP model as
In (3) and (4) is the similarity function for momentum (Simpson et al., 2003) . The roughness parameter z 0 is calculated using Charnock's relation (Stull, 1988; Garratt, 1992) as
where u * is the friction velocity, g is the gravitational acceleration, and β is the empirical constant. In the present version of the EMEP model β =0.0114 is adopted.
In the model, generated sea salt aerosols are assumed to be instantaneously mixed within the model lowest layer (approximately 90 m height) at each time step. The transport and removal of sea salt is described individually for the fine and coarse fractions in the EMEP model.
Measurements
Measurement data used in this work are primarily the concentrations of sodium (Na + ) in air and precipitation in the years 2004 to 2007 from EMEP monitoring network. The list of stations and their details are provided in Table A1 in the Appendix. In addition, data obtained during two EMEP intensive measurement periods in June 2006 and January 2007 have been used.
In the regular EMEP measurements of sodium air concentrations, aerosols are commonly sampled at a standard height of 2m, using a filter pack sampler, with a daily sampling frequency following recommendations from the EMEP Manual for sampling and chemical analysis (EMEP, 1995) . This sampler has no defined cut off, but it normally captures particles about PM 10 size, depending on the flow rate. Teflon aerosol filters are usually employed and the analytical method for sample analysis is mainly ion chromatography. No information concerning the amount of sea salt particles larger than 10 µm captured on the filter pack sampler has not been available. The only estimate was made for Birkenes where simultaneous measurements were performed with filter pack and low-volume sampler. These data indicated that in Na + measured with filter pack, the fraction of Na + smaller than 10 µm comprised 90 % in June 2006 and 87 % in January 2007 (Wenche Aas, NILU, personal communication, 2011 . Concentrations in precipitation are commonly sampled using a "wet-only" sampler, which is the recommended method in EMEP. However, there are a few countries using bulk collectors. Details of sampling and analytical methods can be found in Hjellbrekke and Fjaeraa (2009) . The quality of the analytical performance is checked annually in the EMEP lab inter-comparison (e.g. Uggerud, 2009 ) and the standard deviation is generally around 5 %.
In the intensive measurement periods, low volume samplers equipped with quartz filters were typically used to collect PM 10 and PM 2.5 (or PM 1 ). The PM samples were then used for weighing and subsequent chemical analyses.
The predominant source of sodium is ocean and sea water, though there are some anthropogenic sources that may contribute to sodium concentrations to some extent. For instance, Maykut et al. (2003) identified craft pulp mills as a possible source of sodium in Seattle. Furthermore, salting of icy roads may be an important source in areas with winter climate, but a study for Stockholm by Blomqvist and Johansson (1999) showed that ninety per cent of the total salt deposition occurs within 20 m from the road.
The size distribution of sea salt mass in marine air shows mainly one peak in the coarse particle range (Sellegri et al., 2001 ), whereas it may have different size distribution in inland air. A study by Ookii et al. (2002) in Japan showed bimodal peaks in the fine and coarse particle range. They stated that in urban areas in Japan incineration plants account for a large fraction of the total sodium emission, and the average concentration of fine sodium in urban air was three times higher than that in marine air. In Europe, anthropogenic emissions of sodium are reported from various combustion and industrial processes, with highest percentage contribution coming from glass production (Hellsten et al., 2007) . Combustion of lignite for domestic heating is one of the main anthropogenic sources of sodium in Germany (G. Spindler, personal communication, 2011) . Van Loon et al. (2005) estimated that anthropogenic emission of sodium contributes with 1.1 % of the coarse primary PM, 0.7 % of the fine PM. The Na/Cl mass relationship of 1.8, as in sea water (Millero, 2004; Warren, 2009) , could be an indicator of whether the salt is mainly from sea salt, though the anthropogenic sodium that is emitted as NaCl is often difficult to distinguish from sea-salt NaCl. Furthermore, chloride depletion due to evaporation of HCl alters the Na/Cl ratio (White, 2008) .
Results from sea salt calculations
Comparative study within box-model
Comparison of sea salt production calculated with selected source functions has been made using a box-model. Learning about the differences between scheme calculations with respect to size distribution and wind speed dependence of sea salt flux will facilitate our interpretation of sea salt calculated with the EMEP model.
We have compared the following source functions: a combined Mårtensson et al. (2003) and Monahan et al. (1986) , Vignati et al. (2001) , Gong (2003) , Clarke et al. (2006) , and Andreas (1998) (referred to as M & M, V01, G03, C06 and A98 respectively). The comparison has been limited to bubble-mediated sea spray droplets with radii r 80 up to about 10 µm. The same discretisation of the spray size range has been applied in calculations with all considered source functions. Figure 1 shows the size dependence of sea spray fluxes calculated with M & M, G03, V01, C06 and A98 source functions for wind speeds of 5, 10 and 15 m s −1 (note that the results are presented in two graphs for transparency sake). Shown are the fluxes of sea spray particle number (left picture) and volume (right picture). Pronounced differences are seen between the sea spray fluxes from different source functions and their dependencies on wind speed, with respect to both the intensity and the size distribution of sea spray droplets. In summary, the comparison study between the selected source functions shows that: -A98 fluxes differ significantly from the other source functions as it is limited to sea spray droplets with r 80 larger than 1 µm.
Calculations with the EMEP model
The combined source function M & M based on Mårtensson et al. (2003) and Monahan et al. (1986) is used to calculate sea salt aerosol production within the Unified EMEP model, version rv3.1 (Simpson et al., 2003; Tsyro, 2008 Fig. 2 . Sea salt particles up to approximately 10 µm in diameter at the ambient relative conditions are accounted for. The largest sea salt concentrations are produced by C06 source function, which is consistent with results of calculations in Pierce and Adams (2006) and Ma et al. (2008) . Somewhat lower sea salt levels are calculated using V01, while the lowest sea salt concentrations are calculated with SH98 parameterisation. The sea salt concentrations from G03 are quite close to the EMEP standard results, whereas sea salt concentrations from A98 are somewhat lower.
Figure 3 displays two vertical cross-sections of sea salt for geographical locations shown in the small maps. The enhanced sea salt concentrations associated with emission areas are pronounced up to about 600-700 m. The concentrations drop by about an order of magnitude at 1 km height, where sea salt is still present at concentration levels of 1-2 µg m −3 . At 2-3 km heights, sea salt concentrations are about two orders of magnitude smaller than in the surface layer. Further up, sea salt is present at very low concentrations and shows quite uniform horizontal distribution.
Comparison with measurements
For evaluation of model calculations of sea salt, they have been compared with observational data described in Sect. 4. From the model, Na + concentrations have been derived as 34 % of the calculated sea salt mass. For comparison with observations, Na + concentrations at 2 m height have been from the concentrations at the model's lowest layer (appr. 45 m) applying correction factors based on an assumption about constant turbulent fluxes in the surface layer. In this section, results for standard model calculations, i.e. using M & M parameterisation, are shown, while results for calculations using the other parameterisations are presented in the following section. Table 2 ) between calculated and observed annual mean Na + concentrations indicates that the model realistically describes the geographical distribution of sea salt over Europe. For Na + in air, the spatial correlation coefficients lie between 0.76 and 0.81, while for Na + in precipitation they range between 0.70 and 0.93 in the considered period.
Comparison with EMEP monitoring data
The frequency distribution of modelled Na + air concentrations in 2006 is very close to the observed one for values below about 7 µg m −3 (Figure 4 , left panel). The model somewhat under-predicts the number of days with enhanced concentrations of 7.5-9.5 µg m −3 and does not predict a relatively few occurrences of sea salt episodes with Na + above 12 µg m −3 .
Measurements of Na + concentrations in precipitation are available at a larger number of EMEP stations compared to Na + air concentration data, in particular at more in-land sites. Contrary to Na + air concentrations, the model underestimates Na + concentrations in precipitation by between 63 % and 73 % for the years [2004] [2005] [2006] [2007] . At the same time, the calculated precipitation is only slightly biased and thus cannot explain the model underestimation of Na + in precipitation. The model underestimates Na + in precipitation at all sites, regardless of whether Na + in air is over-or underestimated, and no clear correspondence has been found in model performance for Na + in air and in precipitation between the sites. Also, the model underestimation of Na + in precipitation is about the same order of magnitude at both coastal and in-land sites. If we only look at the sites with concurrent measurements of Na + in air and in precipitation, which are mainly coast sites, the model calculations are positively biased (by between 28 and 71 %) for Na + in air, while results for Na + in precipitation are negatively biased (between −55 and −74 %) compared to observations. As seen in Table 2 , annual accumulated wet deposition of Na + is underestimated by 69-77 % in the period [2004] [2005] [2006] [2007] . Concurrent examination of daily time-series for Na + in air and precipitation shows no clear pattern in the model performance on days with and without precipitation. The frequency distributions of calculated and observed daily wet deposition of Na + in 2006 (Fig. 4, right panel) show that the model under-predicts the number of occurrences for the whole range of wet deposition values, except from the smallest ones. This under-prediction grows with increasing Na + wet deposition values, and the model does not predict cases with Na + wet deposition exceeding 42 mg m −2 (Na + wet deposition up to 125 mg m −2 were observed in 2006). It should be noted that the frequency distribution of precipitation in the model and observations are quite similar (not shown).
Seasonal analysis shows that the model reproduces well the average seasonal variation of sea salt for the period 2004-2007, characterised with minimum in summer and maximum in winter (Table 3) . The model overestimates observed Na + concentrations by about 25 % in all seasons, and less so (by 13 %) in the summer period. Model underestimation Na + in precipitation is somewhat smaller in summer compared to the other seasons. Available verifications of precipitation input data cannot explain discrepancies between calculated and observed Na + in precipitation and Na + wet deposition, as the accumulated precipitation tends to be slightly overestimated.
For individual EMEP sites, the average model bias is 23 % and the average temporal correlation with measurements is 0.56 in years 2004-2007, though both vary considerably between the sites (Table A2) . Calculated values of Na + air concentrations lie within 30 % and 50 % of measured values at 78 % and 93 % of the sites respectively. Figure 5 shows the annual mean model bias and correlation at the EMEP sites ranked from left to right according to increasing observed Na + concentrations for 2006. At the sites distant from the sea, mean Na + concentrations are typically below 0.5 µg m −3 , with the lowest Na + levels being measured at the most far-off from the coast locations. The model bias tends to increase with the distance from the coats. For in-land sites, the bias can be both positive and negative, with the greatest underestimations found for most remote from the sea sites (SK04, SI08, DE03, AT02). It should be noted that at in-land sites also anthropogenic sources can contribute to sodium concentrations, whereas none of anthropogenic sources have been accounted for in the model. At the sites experiencing more or less direct influence from the sea, Na + concentrations are in a range of 0.6 to 3.7 µg m −3 . Calculated Na + in air are in a better agreement with observations at sites located closer to coasts than at in-land sites, with the model showing a slight tendency to overestimate the observations (though Na + is quite underestimated at IE08). As mentioned in Sect. 4, sea salt particles larger than 10 µm can also be captured by filter pack samplers. It was observed that during sea salt episodes the coarse fraction was typically enhanced compared to that in long-range transported air masses at coastal and near-coastal sites. Given inevitable uncertainty associated with the upper size limit of model calculated sea salt, we do not think that on average this can be a major source of discrepancies between calculated and observed Na + in air.
However, larger model underestimations are indeed found during sea salt episodes. The temporal correlation between calculated and measured Na + in air is rather poor at the most remote from the sea sites (AT02 and SK04), as accurate calculation of dayto-day variability of very low concentrations are indeed a difficult task. The correlation significantly improves with decreasing distance to the coast, but goes slightly down at coastal sites (IE01, IE06 and IE08). The latter could probably be explained by the non-representativeness of measurements at coastal stations for a grid cell of 50 × 50 km 2 used in the model calculations.
Comparison with EMEP intensive measurements
During EMEP intensive measurement periods in June 2006 and January 2007, measurements of Na + in PM 10 and PM 2.5 were performed at a number of sites. These measurements for facilitated evaluation of model calculated size distribution of sea salt between fine and coarse aerosols in summer and winter seasons. For comparison with model calculations in this work, we have selected only those sites, at which the data coverage was at least 75 % of days during each of the measurement months. The selected sites are Birkenes (NO01), Virolahti (FI17), Montelibretti (IT01) and Melpitz (DE44) (the only exception is FI17, for which only 12 days with Na PM 2.5 data were available for June 2006).
Average for the intensive measurement periods values of observed (Obs) and modelled (Mod) air concentrations of Na + in PM 10 and PM 2.5 are provided in Table 4 . Both model and observations give higher Na + air concentrations in January 2007 compared to June 2006, which is due to typically higher wind speeds in winter. The correlation (R) between calculated and measured Na + shows considerable variation between the sides and the months, ranging from −0.25 to 0.88. The correlation is mostly better than 0.40 for NO01, FI17 and DE44, but it is poorer for IT01. Figure 6 summarises the statistical analysis with respect to model's bias compared to observations at those four sites. Shown are the results for concentrations of Na + in PM 10 (Na PM 10 ) and separately for fine (Na PM 2.5 ) and coarse Na . Note: 1. the bias for Na PM 2.5 is zero for NO01 in June 2006; 2. suspected erroneous data in January 2007 was excluded for NO01; 3. less days with measurements for Na PM2.5 and Na coar than for Na PM10 at FI17.
be noted that concentrations of coarse Na + were not measured, but have been derived as the difference between measured Na PM 10 and Na PM 2.5 . This means that they are affected by inaccuracies in measurements of both Na + in PM 10 and PM 2.5, what increases their uncertainty. Also, note that fewer daily measurements were available for Na + in PM 2.5 (and thus for coarse Na + ) than for Na + in PM 10 at FI17, causing some inconsistency in the analysis. Na + air concentrations in both fine and coarse fractions are underestimated by the model in the summer month of June 2006 (with the exception of Na + in PM 10 at FI17). The underestimation of Na + concentrations is smaller (within 40 %) at NO01 and FI17, situated closer to the sea, compared to underestimation by between 40 and 70 % at IT01 and DE44 in June 2006. In the winter month of January 2007, the underestimation of Na + in both size fractions is considerably smaller than in summer at IT01 and DE44, and the model tends to overestimate Na + concentrations at FI17 and NO01. Furthermore, compared to observations, the model tends to attribute a larger portion of PM 10 Na + to fine aerosols in June 2006, while it distribute somewhat too much Na + in the coarse mode in January 2007 (not shown here).
We look closer at the distribution of Na + between fine and coarse particles for DE44 (Melpitz), for which Na + measurements in PM 10 and PM 2.5 are available for the whole year of 2007. The daily time-series of Na + in PM 10 and PM 2.5 and coarse Na + are shown in Figure 7 . The model quite closely reproduces observed Na + concentrations, somewhat underestimating Na + in all of the size fractions. Na + distribution between the two size fractions is fairly well calculated. Also, the model describes well the seasonal variation of Na + , however showing a tendency to underestimate Na + somewhat more in the warm period. Day-to-day Na + variation, including Na + pollution episodes, is also well calculated by the model. In summary, the comparison of model results for Na + air concentrations with EMEP intensive measurements at four sites indicates that calculated sea salt fluxes are somewhat too small in summer, whereas they seem to be more accurate in winter. The reason for that could be too low wind speeds in summer as calculated by the meteorological model or inaccurate description of the wind speed dependence of sea spray flux. On the other hand, the resolution of the EMEP of 50x50 km 2 could be too coarse to accurately reproduce sea salt gradients.
The results also indicate a possibility of too efficient removal of sea salt aerosol from the air, as model underprediction of Na + air concentrations tends to increase at the sites farther from the sea.
On average, the modelled distribution of sea salt mass between fine and coarse aerosols is quite close to the observed one, namely the fraction of fine Na + mass within Na + in PM 10 are on average 0.36 from the model and 0.4 from the measurements. Still, some seasonal discrepancies in size distribution between calculations and observations are found at individual sites, namely the model results suggest that more Na + resides in fine fraction in summer than in winter, which is not seen in the measurement data. This implies that the wind speed dependence of the size distribution of sea spray droplets flux calculated with M & M parameterisation needs further testing and evaluation.
Uncertainty study
The performance of the model for sea salt strongly relies on the precision of calculations of sea spray production and sea salt size distribution at different ambient conditions. However, beside the accuracy of the sea spray source function, the model's ability of reproducing sea salt concentrations greatly depends on the quality of wind speed data used in calculations. Also, an accurate description of processes related to sea salt transport, dry and wet deposition is essential. For example, Pierce and Adams (2006) demonstrated the importance of model processes other than sea salt emissions parameterisation and cautioned against concluding that emissions parameterisation is superior to other processes and parameters when explaining the model results. A series of test runs has been carried out in order to study the effect of uncertainties in sea salt generation and removal efficiency on model results, trying to reconcile them with observations. In this section, we compare model sea salt results using different source functions. We also investigate the effect of dry deposition and wet scavenging velocities on calculated sea salt.
Effect of sea spray source function
As seen in Fig. 2 , differences in calculated sea salt fields can be quite large when using different sea spray source functions. In this section, we compare results from the standard EMEP model run using four alternative parameterisations of sea salt production with observations in 2006. Tables 5 and 6 summarise the comparison statistics for Na + concentrations calculated using source functions M & M, G03, A98, SH98 and V01 (see for explanation Sects. 2.1 and 5.1). The statistics are shown for the whole year of 2006 and for four seasons.
The main findings from Tables 5 and 6 are:
-M & M and G03 parameterisations give quite similar results for Na + air concentrations. They overestimate the annual mean Na + by 12 % and 25 % respectively in 2006;
-A98 and SH98 underestimate Na + air concentrations by 10 % and 40 % respectively. Lower concentrations of sea salt produced by A98 is partly due to its underestimation of sea spray production for droplets under 2 µm compared to M & M and G03 (see Fig. 2 ). On the other hand, A98 calculates a greater mass of larger sea salt aerosols, especially at lower wind speeds. Also, Guelle et al. (2001) pointed to a very efficient sea salt production at low wind speeds as a probable reason for overestimations of sea salt at eight stations around the globe by A98 source function;
-V01 parameterisation gives far too high sea salt concentrations, overestimating the Na + observations by 120 %;
-for different seasons, the best agreement with observations for M & M and G03 predictions of Na + air concentrations is found in summer-autumn, when positive bias decreases. Calculated with A98 Na + concentrations are closest to the observations in winter-spring (a small negative bias), while they exceed by 26-27 % observations in summer-autumn. Those differences in seasonal predictions are due to different wind speed dependence of sea salt fluxes calculated by these source functions. Compared to M & M and G03, A98 calculates larger sea salt productions at low wind speeds which are more typical for summer-autumn months. Furthermore, SH98 considerably underestimates Na + air concentrations in all seasons, though somewhat less in winter, while V01 is found to significantly overestimate Na + ;
-the spatial correlation between annual mean calculated and measured Na + concentrations is quite similar for all parameterisations, with the correlation coefficient ranging between 0.76 for SH98 and 0.79 for M & M. The spatio-temporal correlation (between calculated and measured daily Na + concentrations for all sites) and the correlation for the individual seasons are best when applying the M & M source function, closely followed by G03 and SH98, and considerably lower correlation is found for A98 and V01.
The comparison results of Na + air concentration, calculated with the EMEP model using the five source functions, with observations at the individual EMEP stations are provided in Appendix (Table A2 ). On average, M & M yields the best agreement with observed Na + in terms of bias and correlation, i.e. it gives the best temporal correlation between calculated and measured Na + (0.58) and next to the best bias of +23.
Effect of meteorology
Calculated emission rates of sea salt crucially depend on the wind speed, thus even a small incorrectness in wind speed data can result in quite wrong predictions of sea salt fluxes. To see how different meteorological input affects calculated sea salt, model runs have been performed with different meteorological drivers, i.e. PARLAM-PS, HIRLAM version 7.1 and ECMWF models. The results of the runs and comparison with observations at EMEP sites are summarised in Table 7 . Compared with Na + measurements, there is a certain improvement in model calculated sea salt concentrations using HIRLAM-v7.1 and ECMWF (IFS) meteorology. The positive bias decreases from 12 (PARLAM-PS) to 4 and 0 %, and the spatial correlation improves from 0.69 (PARLAM-PS) to 0.83 and 0.82 respectively. Also, different sea salt seasonal variations are predicted using different meteorological data. PARLAM-PS and HIRLAM give somewhat larger seasonal variability compared to observations, while flatter seasonality is calculated with ECMWF meteorology. Unfortunately, verification of wind speed from PARLAM-PS, HIRLAM and ECMWF (IFS) is only available over land. Compared to SYNOP meteorological observations, PARLAM-PS is unfavourably characterised with the largest mean absolute error and highest error standard deviation (A. Benedictow, personal communication, 2011) . Beside the wind speed, also other meteorological parameters modify sea salt concentrations and distribution. In particularly, precipitation has significant effect on airborne sea salt, efficiently scavenging the aerosols.
Effect of wet deposition
As shown above, Na + concentrations in precipitation are considerably underestimated by the model, while Na + air concentrations are slightly overestimated for all sea salt source functions tested. To see what processes could be responsible for those discrepancies, we have tested the possibility of the model (1) underestimating wet scavenging and (2) over-predicting the efficiency of dry deposition of sea salt.
Being very hygroscopic, sea salt aerosols are efficiently removed from the clouds by rain drops. Most sea salt rainout takes place in the lower part of the cloud, where the precipitation intensity is the largest. The washout below clouds depends on the aerosol size and is much more efficient for coarse sea salt than for fine sea salt. In the model, the belowcloud scavenging is about 2.5 times less efficient for coarse sea salt and as much as 10 times less efficient for fine sea salt compared to in-cloud rainout. On the other hand, relatively more sea salt mass is found in the lower altitudes, likely below the clouds, especially over the source regions.
Sensitivity tests have been performed for both in-cloud and below-cloud scavenging of sea salt. The model's wet deposition scheme uses scavenging ratios to calculate aerosol removal from the cloud layers. In the base runs presented in the previous sections, the scavenging ratio W = 1×10 6 was used. To investigate the effect of wet scavenging ratio on calculated Na + concentrations, additional calculations have been performed using W = 1.6×10 6 and 2 × 10 6 . The increase of scavenging ratio by factors of 1.6 and 2 results in a rather modest decrease of Na + in air (with model bias changing from 12 % to 5 % and −1 % respectively) and in an insignificant or no increase in Na + in precipitation (Table 8) . This is probably because the efficiency of sea salt scavenging in clouds is already so high, that most of aerosol mass gets rained out anyway; hence the further increase of scavenging ratio appears to add only very little to scavenged sea salt mass. The effect of increasing wet scavenging ratio appears less pronounced in sites most remote from sea, since most sea salt particles are likely to get scavenged before they reach the in-land sites. Further increase of scavenging ratio causes in fact a decrease in wet deposition of sea salt over land, as even a greater portion of sea salt is removed by precipitation already over oceans.
Further, we have increased the below-cloud washout efficiency to 1.0 for fine and coarse aerosols (from 0.4 and 0.8 respectively). As a result, the positive bias for Na + in air is eliminated, but the negative bias for Na + in precipitation gets even larger (Table 8) . Also in this case, more efficient wet scavenging means that even more of sea salt is removed from the air over the oceans, resulting in overall lower Na + concentrations in air and precipitation over land.
Effect of dry deposition
Hypothesizing that too efficient dry deposition in the model could remove too much sea salt mass from air during dry periods and contribute to the underestimation of Na + in precipitation, we have looked at the effect of dry deposition reduction. A model run has been made, where dry deposition velocity was decreased by 50 %. This has increased Na + concentrations in air by 48 % and Na + concentrations in precipitation by 38 % at the EMEP sites on average. In this test, the model overestimates Na + in air by 66 %, whereas it still underestimates Na + in precipitation by 51 % (Table 8) . It can be noted that the reduction of dry deposition velocity is found to cause the greatest increase in calculated Na + air concentrations for in-land sites.
Including larger sea salt particles
Discrepancies between calculated and measured sea salt concentrations can occur due to inconsistency in the upper "cutoff" size of sea salt aerosols. The standard EMEP model is set up to calculate approximately PM 2.5 and PM 10 . The upper dry diameter of generated sea salt particle is set to 5 µm, which would correspond to aerosol ambient diameters between 7.5 and 10.6 µm at a relative humidity between 40 % and 80 %. As said in Sect. 4, filter-pack samplers collect particles with aerodynamic diameters of approximately 10 µm (at ambient conditions), though there is no defined cut-off size. For sampled Na + in precipitation, there is practically no cut-off size for collected sea salt aerosols. Some amount of sea salt particles larger that e.g. 10 µm can also be present in the air and, when scavenged, they will contribute to Na + concentrations in precipitation. The fraction of sea salt particles larger than 10 µm will decrease considerably with increasing distance from the sea coast due to their fast gravitational settling. Therefore, the effect of not accounting for those "giant" sea salt aerosols is expected to be more pronounced at sites close to the sea shore than at in-land sites.
To estimate the contribution of sea salt particles larger than 10 µm to Na + concentrations, a new model run for 2006 has been performed, in which sea salt aerosols with dry diameters up to 17 µm were included. For Na + in air, these results overestimate measured concentrations by 46 % (as compared to 12 % in the base run) ( Table 8 ). As expected, somewhat greater increase in calculated Na + is seen for sites close to the sea coasts (not shown). The negative bias for Na + in precipitation is only reduced to −51 % compared to −64 % in the base run.
Sea salt emissions
Finally, a series of tests been made in which both the sea salt flux (or 10m wind speed) and sea salt wet scavenging were increased. The tests have shown that quite a significant increase of wet scavenging efficiency was required to balance the enhanced sea salt production in order to obtain sound results. When varying the value of scavenging ratio within a realistic range, the best results with respect to the average statistics is achieved by increasing sea salt production by a factor of 1.5 (or increasing 10m wind by 10 %), and raising scavenging ratio to 2.5 × 10 6 . Then, Na + in precipitation is underestimated by about 40 %, whereas of Na + in air is overestimated by about 25 %. The results tend to overestimate sea salt at coastal sites, while underestimate at in-land sites, thus exaggerating sea salt regional gradients. Summarising these tests, quite considerable (however within reasonable limits) simultaneous increase of sea salt production and wet scavenging failed to eliminate underestimation of Na + in precipitation, while calculated Na + air concentrations get too high.
As described in Sect. 3.2, sea salt flux is immediately mixed within model's lowest layer (approximately 90 m thick). Blanchard et al. (1984) reported marked sea salt gradients in the lowest 50 in the marine atmosphere, though the largest gradients were probably due to very large particles (d 0 >40 µm). The assumption on immediate mixing, applied in the EMEP model, is likely to contribute to underestimation of surface concentrations associated with the source areas, i.e. over sea and in the proximity to coasts. On the other hand being distributed closer to the ground, sea salt will be more efficiently deposited, which will shorten its lifetime and transport distance.
Preliminary tests for January 2008, in which emitted sea salt is distributed within a layer of approximately 20 m, show considerably (up to 50-100 %) higher sea salt concentrations over seas compared to standard runs. Compared to the standard runs, observed Na + concentrations are larger overestimated at coastal sites and larger underestimated at in-land ones. For all stations, the average bias goes up from −5 % to 24 % and spatial correlation goes down from 0.79 to 0.70 when the lowest layer is reduced from 90 m to 20 m.
Effect of sea surface roughness
Another parameter effecting sea salt production is the roughness of sea, which is described through Charnock's constant β (Eq. 5). The value of β has recently been changed from 0.032 to 0.00114, which is considered to be more consistent with the present description of boundary layer processes in the EMEP model. A lower value of β represents a less rough sea and thus a larger wind speed at 10 m height which, in turn, increases the fluxes of sea salt.
The sensitivity tests show that on average, the calculated sea salt concentrations are only 5 % lower when using β = 0.032 compared to β = 0.0114, with somewhat larger difference in winter and spring. This slightly decreases model's bias from 12 to 7 % compared against Na + observations in 2006. The correlation between calculated and observed Na + does not appear to be affected by varying Charnock's parameter.
Unaccounted processes
Water salinity. The content of salt in oceanic surface water varies from below 10 ‰ in the Baltic Sea and about 18 ‰ in the Black Sea to above 37 ‰ in the middle of NE Atlantic and 38 ‰ in the Mediterranean Sea. There are experimental indications that water salinity can affect the generation of sea salt. Mårtinsson et al. (2003) measured that for aerosols smaller than 0.2 µm salinity did not affect the original droplet number production, but only the size distribution of dry sea salt particles. However, for larger aerosols, the total volume of generated sea spray droplets increased with increasing water salinity. In their experiments, sea salt concentrations at salinity 37 ‰ were about an order of magnitude larger than those at salinity 9.2 ‰ . In the present work, an average water salinity of 33 ‰ is assumed, according to parameterisation by Mårtinsson et al. (2003) . The first attempt we are aware of to include the effect of water salinity on sea salt production has been made by Sofiev et al. (2011) , based on laboratory measurements from Mårtinsson et al. (2003) .
Surf zone. Based on field measurements, de Leeuw et al. (2000) estimated that sea spray production could be a factor of 2 greater in surf zone compared to the open ocean.
An accurate accounting for sea spray contribution from a surf zone in the regional model is not a trivial task, as it requires gridding of the surface zone. Since the surf zone is rather narrow, its relative area, and thus contribution to the total sea spay, will be relatively small within the EMEP 50 × 50 km 2 grid cell. This is supported by work of Gong et al. (2002) , who showed that surf zone sea salt flux was much smaller compared to that on an open ocean and concluded that the surfing contribution to the total sea salt production was negligible on a regional scale. We are not aware of any regional/global model presently including this effect in calculations.
Comparison of sea salt from EMEP and SILAM model
To test the robustness of our sea salt model results, calculations from the EMEP model are compared with those from SILAM model (Sofiev et al., 2006) for the year 2007.
Sea salt description in the SILAM model
Similar to EMEP model, SILAM's sea salt emission parameterisation is based on the parameterisation of Monahan et al. (1986) and the data of Mårtensson et al. (2003) , which are combined into a unified set of functions. The parameterisation takes into account the effects of wind speed, salinity, and water temperature and covers sea salt particles with dry diameter from 20 nm to 10 µm. Briefly, observations extracted from the Mårtensson et al. (2003) paper for sea water surface temperature 298 K and sea water salinity 33 ‰ were used to extrapolate the scheme from Monahan et al. (1986) to particle sizes down to 20 nm. This resulted in a single source function for particles with diameters from 20 nm to 10 µm for these reference conditions:
To calculate sea salt production for other water temperatures and salinities, correction factors are applied which were derived based on the experimental data used in Mårtensson et al. (2003) . The full description of the parameterisation in the SILAM model can be found in Sofiev et al. (2011) . For this study, sea salt in five size fractions has been calculated, i.e. for dry diameters in the ranges 0.01-0.1, 0.1-1.0, 1.0-2.5, 2.5-10, and 10-30 µm. The computations with SILAM have been performed with meteorological fields from the European Centre for Medium-Range Weather Forecasts (ECMWF) at the grid of 20 × 20 km 2 . Compared to the EMEP calculation domain, SILAM's grid covers a smaller area of the North Atlantic Ocean, starting at 17 • W and 33 • N (left lower corner).
Comparison of results
Air concentrations of Na + calculated with the EMEP and the SILAM models have been compared with EMEP measurements in 2007. For comparison with observations, sea salt aerosols in the first four size fractions (up to 10 µm of dry diameter) from the SILAM model have been included, whereas sea salt aerosols up to about 10 µm of ambient diameter in the EMEP model have been considered. Na + concentrations have been derived as 31 % of the mass of sea salt concentrations.
It is useful to outline the differences between the models, relevant when interpreting calculation results. In addition to differences in the formulation of sea spray generation (Sect. 8.1), the SILAM model uses a finer representation of sea salt size distribution, i.e. assuming four size fractions, while the EMEP model aggregates sea salt aerosols into two fractions (fine and coarse). This has an effect on calculated efficiency of sea salt removal, particularly through dry deposition. Due to the better resolution, the SILAM model is expected to be more capable of reproducing concentrations observed in a proximity to the sea, given typically large coastal sea salt gradients. Furthermore, different meteorological drivers have been used in the runs, namely ECMWF model for the SILAM and HIRLAM model for EMEP. In particular, wind strength over seas is a crucial parameter for sea salt production.
For EMEP calculations, HIRLAM meteorological fields were produced on 0.2 × 0.2 • grid and interpolated to EMEP 50 × 50 km 2 grid. Verification with surface wind observations at SYNOP sites shows very little difference between the original and interpolated wind speeds. No verification over seas was possible though. However, comparison of wind maps on 0.2 × 0.2 • and 50 × 50 km 2 grids showed that the interpolated fields represented the wind field at the finer resolution fairly well, except for some areas with very strong wind gradients associated with atmospheric fronts. Figure 8 compares Na + air concentrations from the EMEP and SILAM models with observed values, ranking the sites according to decreasing measured concentrations (crudely representing the increasing distance from the sea coast). The results of statistical analysis are summarised in Table A3 . Both models realistically reproduce the observed distribution of sea salt concentrations. The spatial correlation between calculated and measured Na + is 0.73 for EMEP and 0.78 SILAM calculations. For about two thirds of the sites, the models calculate quite close values of Na + concentrations, whereas significant discrepancies are found at Finnish and Irish stations. Both models somewhat underestimate Na + concentrations at about 70 % of the sites, with largest underestimation at coastal Irish site IE08. Both models considerably overestimate Na + at Norwegian sites NO15 and NO39 (SILAM also overestimates at NO01 and NO55). Large overestimation by the EMEP model of Na + at FI09 and FI17 can partly be explained by not accounting for the effect of sea water salinity on sea salt generation. A simple model test, in which sea salt production from the Baltic Sea is reduced by a factor of five, reduces biases from 498 to 200 % at FI09 and from 128 % to 15 % at FI11. Another probable reason for those overestimations is a relatively coarse resolution of the EMEP model. The site FI09 is situated on a small island, the area of which occupies less than 1 % of the EMEP grid cell and the observations are thus not representative for the whole of 50 × 50 km 2 grid cell. Similarly, the site FI17 is not quite representative, as it is located in the very corner of a grid cell, which has 69 % of its area covered by the Baltic Sea. Calculated Na + concentrations drop from 0.51 µg m −3 to 0.15-0.2 µg m −3 in the adjacent grids, which agrees better with observed value.
The temporal correlation between calculated and measured daily Na + air concentrations is quite variable for both models. On average, the correlation tends to be somewhat better at the sites at short and medium distances from the sea compared to in-land sites. In general, the EMEP model shows correlation better than SILAM at Danish, Finnish and Slovakian sites, while Na + from SILAM correlates better with observations at some of the German, Austrian and some of the Norwegian and Irish sites (Table A3 ). The differences in temporal correlations of calculations with measurements are to a large degree due to differences in the wind fields from the HIRLAM and ECMWF models used in EMEP and SILAM calculations.
Summary and outlook
We have used the EMEP Unified model (version rv3.1) to assess sea salt concentrations over Europe. The ability of the model to reproduce sea salt observations, both in air and precipitation, for multiple years has been evaluated, with focus on studying the effects of uncertainties in sea salt production and lifetime on model results.
As a part of the uncertainty study, a series of model calculations has been performed using different source functions for sea spray production. Based on a critical review of the documentation available in scientific literature, several sea spray source functions have been selected for our study, namely from Mårtensson et al. (2003) , Monahan et al. (1986) , Andreas (1998) , Smith and Harrison (1998) , Vignati et al. (2001) , Gong (2003) and Clarke et al. (2006) . The box-model study has provided insight in the differences between the source functions with respect to calculated intensity and wind speed dependence of sea spray fluxes, and the size distribution of generated sea salt aerosols (as outlined in Sect. 5.1).
Further, the selected sea salt source functions have been tested within a regional EMEP model. EMEP model calculations for 2006 show that largest sea salt concentrations are produced by C06 source function, followed by those calculated using V01, while SH98 parameterisation gives the low- Monahan et al. (1986) and Mårtensson et al. (2003) source functions) and G03 are quite close, whereas results given by A98 are somewhat lower. Compared to EMEP observations for 2006, EMEP model calculations using M & M and G03 parameterisations overestimate annual mean Na + air concentrations by 12 and 25 % respectively. Calculations with A98 and SH98 underestimate Na + air concentrations on average by 10 and 40 % respectively. V01 parameterisation overestimates observed Na + by as much as 120 %, whereas Na + air concentrations obtained with C06 exceed measured values by almost an order of magnitude. The spatial correlation between calculated and measured annual mean Na + concentrations is quite similar for all parameterisations, with the correlation coefficient ranging between 0.76 for SH98 and 0.79 for M & M. The differences are found in the seasonal performance for sea salt calculated with the EMEP model, when different source functions are used. At individual measurement sites, the best temporal correlations are obtained with M & M source function, closely followed by G03 and SH98, while considerably lower correlations are found for A98 and V01. The results in terms of model bias are somewhat variable. On average for all sites, M & M shows the most promising results, providing the best temporal correlation of 0.58 and next best bias of +23 % compared with observed Na + air concentrations. Thus, our comparative studies confirm conclusions from earlier works that the formulation of sea salt generation by Monahan et al. (1986) Comparison with data from EMEP intensive measurement periods, during which Na + in PM 10 and PM 2.5 was determined at four sites in June 2006 and January 2007, suggests that the model may calculate too small production of sea salt mass, especially in the summer month. The results also indicate the possibility of too efficient removal of sea salt aerosol from the air, as calculated Na + air concentrations tend to be greater under-predicted at sites farther from the sea. Model calculated distribution of sea salt mass between fine and coarse aerosols is quite close to observed on average. However, for some sites, more Na + is allocates by the model to the fine fraction in summer compared to winter, which is not seen in the measurement data. This implies that further testing is needed to evaluate the soundness of M & M parameterisation with respect to wind speed dependence of sea salt flux and size distribution of sea salt aerosol.
A series of sensitivity tests has been carried out to study the effects of the uncertainties in different parameters and processes on model results for sea salt. Calculated sea salt concetrations are shown to be sensitive to changing the meteorological driver, in particular due to changes in wind speed and precipitation data. Sea salt concentrations calculated with the EMEP model improve when using HIRLAM-v7.1 and ECMWF (IFS) meteorology compared to those using the older NWP model, PARLAM-PS.
Furthermore, some hypotheses have been tested regarding possible reasons for underestimation of Na + in precipitation by the EMEP model. In particular, uncertainties associated with calculations of sea salt generation and the efficiency of dry and wet removal have been analysed. Increasing in-cloud scavenging ratio by a factor of two or increasing below-cloud scavenging efficiency to 100 % results in nearly unbiased calculated Na + in air, whereas the obtained increase in Na + in precipitation (and Na + wet deposition) is negligible. Furthermore, some moderation of model underestimation of Na + in precipitation is achieved by reducing dry deposition velocity by half, but Na + in air becomes far too high in this case.
Conjecturing that calculated sea salt fluxes are too low, we have also tested simultaneous enhancement of sea salt production and wet scavenging. These tests do not either eliminate underestimation of Na + in precipitation, while produce too high Na + air concentrations. The best results are obtained by increasing the emissions by 50 % and assuming scavenging ratio as high as 2.6 × 10 6 . Then Na + in precipitation is underestimated by about 40 %, while Na + in air is overestimated by about 25 %. In addition, these results tend to overestimate sea salt at coastal sites, whereas underestimate them at in-land sites, thus exaggerating sea salt regional gradients. Finally, accounting for the contribution of sea salt particles larger than 10 µm (up to approximately 25-30 µm) renders only a rather small reduction of model underestimation of Na + in precipitation.
Concurrent examination of daily time-series for Na + in air and precipitation shows no clear pattern in the model performance on days with and without precipitation. Frequency distribution analysis shows that the model under-predicts the number of occurrences for the whole range of Na + wet deposition values, except from the smallest ones. This underprediction grows with increasing Na + wet deposition values, and the model does not at all reproduces observed cases with Na + wet depositions above 40-50 mg m −2 . Model underestimations of sea salt in precipitation were also reported in Foltescu et al. (2004) and Guelle et al. (2001) .
Another plausible explanation of the discrepancies in Na + wet deposition discussed here could be that the model does not mix up sea salt high enough. That would lead to too fast removal of aerosols, too short lifetime scales, and thus too short transport distances. As a result, there could be not enough sea salt in the air over land in order to feed precipitating cloud. Model experiments, varying the efficiency of vertical mixing (including accounting for convective up-lift), would help to investigate this conjecture.
Besides modelling uncertainties, there are also uncertainties associated with measurements of Na + wet deposition. At coastal sites, the collecting vessel may be contaminated by dry deposited large sea salt particles during dry periods. Also, Na + wet deposition can be affected by local NaCl (not marine) sources and Na + from dust. For instance, in Guelle et al. (2001) , measurements of Na + wet depositions were corrected for mineral dust to exclude non-sea salt contributions to measured Na + . More investigations are clearly needed to explain existing discrepancies between calculated and measured Na + wet deposition.
To test the robustness of our sea salt model results, sea salt calculations with the EMEP model have been compared with results from the SILAM model and observations for 2007. Both models are found to realistically reproduce the observed distribution of sea salt concentrations, with a spatial correlation between calculated and measured Na + of 0.73 for EMEP and 0.78 for SILAM. For about two thirds of the sites, the models calculate quite close values of Na + concentrations, whereas significant discrepancies are found at the Finnish and Irish stations, strongly influenced by sea spray. Both models somewhat underestimate Na + concentrations at about 70 % of the sites, with the largest underestimation occurring at the coastal Irish site IE08. The temporal correlations between calculated and measured daily Na + air concentrations are quite variable for both models, and tend to be somewhat better at sites located at short and medium distances from the sea compared to in-land sites. Differences in calculated sea salt are explained to be mainly due to different parameterisations of sea spray, the use of different meteorological drivers and different grid resolutions used in model calculations, i.e. 50 × 50 km 2 for EMEP and 20 × 20 km 2 for SILAM. Summarising, the comparison between EMEP and SILAM performance shows the consistency of results (for most of measurement sites) and gives us additional confidence in the soundness of EMEP model sea salt calculations. Therefore, we conclude that the overall EMEP model accuracy for sea salt is not significantly degraded due to a relatively coarse model resolution and somewhat simpler sea salt description compared to the SILAM model. This work is a part of overall EMEP model development. Improving sea salt modelling will facilitate improvement of nitrate chemistry in the EMEP model, namely formation of coarse nitrate associated with sea salt. Some work has already been done to include a kinetic parameterisation to describe the uptake of HNO 3 on sea salt aerosols and its further reaction with NaCl to form coarse NaNO 3 particles (Berge, 2009) . First results show improvements in correlation between calculated and observed nitrate for several EMEP stations, which is very promising. In broader perspective, providing better insight on the model's ability to reproduce sea salt concentrations and assessing the uncertainties associated with sea salt calculations, this work contributes to further improvement of aerosol modelling on both regional and global scales. 
